It is shown that under present conditions the Jeans escape flux of hydrogen from Mars in the form of H and Hz is constrained to be the same as twice the nonthermal (McElroy, 1972) escape of O atoms. The mediation of the chemical chain that recombines CO2 plays an essential role in regulating the escape of hydrogen to match that of oxygen, confirming a mechanism postulated by McElroy and Donahue (1972) . It is also shown that if the oxygen flux changes, a change in the 0, mixing ratio results and the consequence is to induce a large change in the odd hydrogen concentration, and consequently in H2 production and hydrogen escape. The effect is to stabilize the hydrogen escape flux at twice the O flux. It is shown that surface chemistry should not change the operation of this mechanism but has consequences for the eddy coefficient variation at low altitudes. There is a strong correlation between low humidity, large solar zenith angles and large O a abundances. The effect of argon in a mixing ratio as large as 0.3 on these results is also investigated.
One of the fundamental problems of atmospheric chemistry is that of understanding the stability of CO 2 in the atmospheres of Mars and Venus. There are problems in understanding the low degree of dissociation in the low as well as in the upper atmospheres of each planet. They stem from the fact that, whereas CO 2 undergoes photolysis at a global mean rate of 3 x 1012cm-2sec -I (in the atmosphere of Mars) and only very slowly recombines from CO and O (3p) , the concentrations of CO and atomic oxygen are very low in the upper atmosphere and the mixing ratios of CO and 0 2 are also low for the atmosphere as a whole, attaining a value of only about 10-3v/v. Yet the three-body rate constant for recombination of O with CO is very small, 2 × 10-~7cm6sec-l, compared to that for formation of O~ from two oxygen atoms under equivalent conditions, 7 × 10-33em6sec-~. The amount of atomic oxygen in the upper atmosphere can be created by photolysis of CO s in about 1.5 × 103sec. It has been shown that there is only one viable solution to the problem Copyright © 1976 by Academic Press, Inc. All rights of reproduction in any form reserved. Printed in Great Britain of maintaining the ratio of atomic oxygen to CO 2 near 135km at a value between 5 × 10 -3 and 10 -2 (Strickland et al., 1972) . It is necessary to remove the oxygen at an effective downward velocity of 500 to 100cm/sec (Donahue, 1971; McElroy and McConnell, 1971) . This is equivalent to an eddy diffusion coefficient between 5 and 10× 10Scm2sec-I above 100kin if the transport is considered to occur because of eddy diffusion.
But in the lower atmosphere 02 apparently should form in great amounts even if the oxygen is rapidly removed from the upper atmosphere. The observed amount is 1.3 x 10 -3 times the CO 2 abundance (Barker, 1972; Carleton and Traub, 1972) and the photolysis rate is 5 × 101°cm -2 sec -I. This gives every 0 2 molecule a very long lifetime, about 101°sec against this form of destruction. In view of the large three-body formation rate it is necessary to find a way, other than photolysis, to break 02 bonds at a rapid rate, to keep the production rate of 02 to a very low value, or to find a mechanism that combines some measure of both of these properties.
The literature already contains excellent 231 reviews of some of the material in this introduction (McConnell, 1973; Hunten, 1974; MeElroy, 1974) . Since this paper is a contribution to a symposium, it will repeat parts of these reviews. A model that depends predominantly on the solution involving breaking the 02 bonds was proposed by Parkinson and Hunten (1972) , and it is discussed later in this paper. A solution that essentially short-circuits O z formation was favored in a model proposed by McElroy and Donahue (1972) . This second solution features a scheme for recombination of 0 and CO rather than O and 0 and involves bringing atmic oxygen down to the neighborhood of 30kin so rapidly that it has almost no chance of recombining by forming 0 2 before the radical H02 begins to be produced in a three-body reaction at a rapid rate. This enables a catalytic cycle to operate efficiently:
H + 02 +M --~ H02 + M, RI7,
HO, + O -~ OH + 02, R3,
CO + OH -+ COz + H, R16,
Not--CO + O -+ CO2.
The hydrogen atoms are supplied by dissociation of HzO. The eddy diffusion coefficient required to produce such effective transport has to be greater than 1.5 × l0 s cm2sec -~ at all altitudes above 30km. Almost all of the 02 in the system is formed by the reaction
between 25 and 30km. Photolysis of 02 in the Herzberg continuum, occurring mostly between 2 and 15km, is the major sink for Oz although some destruction results from photolysis of HzO z after its formation from HO z below 10km. Several conditions are imposed on the system. The principal one is that the integrated rates of reactions (1) to (3) be equal to the integrated rate of production of 0 atoms by photolysis of CO z and to each other. Subsidiary conditions are that the production of H 2 from branch (a) of the reaction
be half the thermal (Jeans) escape flux of H atoms and that the formation of H20 from the reaction OH + HO 2 -+ H20 + 02, R7,
equal the rate of photolysis of 15~m of precipitable water (5 × 1019 molecules cm -z) (Sehorn, 1971; Barker et al., 1970; Conrath et al., 1973) . This is to say that water is made at a rate of about 2 × 109 molecules cm-Zsec -l. The 03 abundance is 1.4/zm-atm in the model and this is well below the limit of 3/,m-atm set by uv spectroscopy (Barth et al., 1973 ; Barth and Dick, 1974) in regions where the amount of water vapor lies in the range 10-20~m of precipitable water. The ozone in this model is also concentrated close to the surface. Since it is the odd hydrogen resulting from water vapor dissociation that suppresses the odd oxygen in this model, it is not qualitatively surprising that as much as l0 to 60/zm-atm of 03 were detected by Mariner 9 (Barth and Dick, 1974) above the polar caps where there is less than ltzm of precipitable water. The photochemical scheme proposed seems to offer a natural explanation for the discovery by McElroy (1972) that atomic oxygen escapes from Mars at the rate of about 7 × 107 atoms cm-esec -~, or about half the thermal escape rate of hydrogen and consequently that there is no accumulation of oxygen on the planet. An H escape flux of 1.8 × 10Scm-Zsec -~ would leave behind 2.4 × 102o molecules cm -z in 10~yr. This is the amount now found in the atmosphere. Thus there is another problem of accounting for the lack of oxygen on the planet, that of disposing of the Oe belonging to the HeO which has lost its hydrogen. MeElroy's nonthermal escape mechanism for atomic oxygen is based on the recognition that dissociative recombination of CO2 + and Oz + with electrons produces oxygen atoms in both cases, whether the products of dissociation are electronically excited or not, with greater than their escape energy of 1.99eV. Hence about haft of the ions created above the exobase will produce oxygen atoms traveling upward with greater than escape velocity. MeElroy and Donahue (1972) argued that the balance between the hydrogen escape flux and the oxygen escape flux was probably not an accident. They reasoned that in their chemical scheme the rate of oxygen escape determined the rate of hydrogen escape by determining the magnitude of the integral 11 = f ks [H] [HOz]dz ,
where the bracket denotes as usual the density of the species enclosed. This integral gives the rate at which H z molecules are formed. These then flow upward to supply the escaping hydrogen atoms. A decrease in atomic oxygen escape flux would lead to an increase in CO and 0 z concentration and hence a decrease in odd hydrogen. This follows because the integrals
that determine the rate of CO z and H20 recombination are constrained to remain invariant.
However, in the calculations of McElroy and Donahue (1972) it was not verified that the detailed solution of the coupled flow equations from the surface to the base of the exospbere produced the observed escape flux of hydrogen. Nor was it demonstrated that changing the oxygen escape flux would indeed provoke a change in hydrogen escape in such a way as to drive the system to a new stable state in which oxygen and twice hydrogen escape fluxes would again be equal. That thesis is not self-evident, particularly in view of the recent work of Hunten (1973), H unten and Strobel (1974) , and Liu and Donahue (1974a , 1974b , 1974c showing that the escape flux of hydrogen on Earth is determined by the mixing ratio of hydrogen compounds in the stratosphere and very little influenced by factors such as the rates of transport, chemical or dissociative proceases in the mesospbere and lower thermosphere. This is the case when the temperature is sufficiently high in the exosphere to establish limiting flux conditions. Thus one might expect the mixing ratio of water in the stratosphere to control the escape rate of hydrogen on Mars since the mixing ratio of HzO is assumed to remain constant. However, it will appear in the course of this paper that limiting flux in fact does not occur on Mars, that the oxygen flux is in fact equal to half the hydrogen flux as calculated in the model under present Martian conditions, and that the oxygen flux does indeed control the hydrogen flux. The validity of the last statement will be demonstrated by assuming that, while the atmosphere remains unchanged in its CO 2 and H20 contents and in the vertical profiles of temperature and eddy coefficient, the Oz abundance is different from its present value. It will be shown that under such circumstances the quasi-steady state calls for a change in H and H 2 densities at the base of exosphere considerably greater in magnitude and opposito in sense to the change in the amount of 02 in the atmosphere. Then the effective escape rate of H 2 and 0 would be unbalanced. This would not represent a true steady state, however, because H 2 and thus the escaping hydrogen is produced by branch (a) of R5 involving 02. Thus, for example, suppose that the nonthermal escape flux of atomic oxygen for some reason, such as enhanced solar euv flux were to double. The 02 mixing ratio would then begin to decrease, approaching a value half the present one. But the hydrogen escape flux would increase even faster and attain a value equal to twice the O flux before 0 z could reach half its present concentration. The escape of water would then be stabilized at a new value. The hydrogen escape flux could not continue to increase because, since its source ia R5a, it must be in balance with the production of HO 2. Enhanced production of HO2 would not be possible if the O 2 concentration were to continue to decrease. Thus the new steady state would be one in which the escape of water is double the present rate, but the O z concentration more than half its present value.
II. HYDROGEN ESCAPE FLUX
Our technique is the one described in our papers on hydrogen chemistry and escape for Earth and Venus (Liu and Donahue, 1974a , 1974b , ]974c, 1975 CO2 + + O ---> O + + CO 2 k31 = 9.6 x 10 -11 t, ° Phillips and Schiff (1962) . b Clyne and Thrush (1963a) . c Kaufman (1964 Kaufman ( , 1969a Kaufman ( , 1969b . Hochanadel et al. (1972) . e Schofield (1967 ). g Wilson (1972 . Hampson et al. (1973) . i Greiner (1968) I Clark and Noxon (1972) . " Baulch eta/. (1969) . ° Simonaitis and Heieklen (1972) . P Stuhl and Niki (197I) . q Slanger et al. (1972) . • Fehsenfeld eta/. (1969) . s Fehsonfeld and Ferguaon (1972) . t Walls and Dunn (1974) . u Bauer (1973 ). v Fehsenfeld eta/. (1970 .
O~ from the surface of Mars to its exobase. Odd hydrogen HO x comprises the rapidly intereonverting species H, OH and HO 2 while Ox comprises O, 03, OH and HO 2. Every species is required to satisfy the standard diffusion equation, the continuity equation, and
where ~b~,ivi, and l~ are local flux, production rates and loss rates for the ith atmospheric species. Except for H20 we assume no flux at the surface. The H20 outgassing rate is taken to be equal to one-half the hydrogen escape flux. It is also required that the mixing ratio of CO in an acceptable solution fall within the observed range 7 x 10-4to3.2 × 10 -3 (CarletonandTraub, 1972; Young, 1971) . The mixing ratio of CO is otherwise allowed to vary, as is the eddy diffusion coefficient, until we obtain a solution satisfying the constraints. In arriving at our model we calculate ion density profiles, varying the solar ionizing flux to obtain agreement with Mariner 9 election density profiles. The ionospheric model is important, of course, in determining the rate of oxygen escape and the rate of conversion of H 2 to H. In Table I we present the chemical, ion-molecule, ionelectron and photolysis rate constants used in our model calculations.
It is immediately apparent that assuming the water vapor concentration to be determined by mixing and photochemical processes alone from the surface upward produces serious problems. The difficulty is that when there is sufficient H20 to supply by photolysis the hydrogen atoms that rise to the exobase, photolysis occurs in the 1 I ~ I I , 160 ~ 10 4 10 5 10 6 10 7 iO 8 I0 9 I0 I0 DENSITY (cm'3~ FIe. 1. Density distributions of H, OH, HO2, O, and Oa for two values of the 02 mixing ratio : 1.3 x 10 -3 and 2.6 × 10 -3. Solid lines correspond to 1.3 x 10-302 mixing ratio and dashed lines correspond to 2.6 x 10-30= mixing ratio. neighborhood of 30 to 40km and the OH density is so high that the production of 02 by the reaction R2 (4) is prohibitively large. Therefore, it is necessary to assume instead (a reasonable assumption after all) that H:O follows a saturation profile from the surface to 15km (Hunten and McElroy, 1970) . The scale height of this distribution is so small that virtually all the precipitable H20 is contained below 10kin. The H20 density at the surface is 6 × 1014cm -3, while that at 10km is fixed at 2 × 109cm -3. Above 15km the H20 is assumed to obey the coupled flow equations. The great advantage of this assumption is the H20 supplies the odd hydrogen precisely where it is needed for the recombination cycle (near the surface) by reaction R13 of H20 with O(ID), where the latter species is produced in turn from O 3 photolysis. The odd hydrogen also provides a large source of H 2 at low altitudes (near 25km) through the reaction branch (5a).
If we assume that the rate constant for this branch of the H, HO 2 reaction is 3 × 10-11exp(--330/T), as McElroy and Donahue (1972) did, then the H 2 is virtually the sole source of escaping hydrogen atoms, and it supplies them in the ionospheric reactions C02++H2 -~C02H++H, R21, (11) CO2H + + e --~ H + CO, R22. (12) The density of H2 at the exobase is 1.3 × 105cm -3, larger than that of H by a factor of about 4. However, the effusion velocity of H 2 is so much lower than that of H that twice the escape flux of H 2 is only 24% the escape flux ofH. 2¢~ 2 is 2.1 × 107 cm-2sec -l while Cu × 8.7 × 10~cm-2sec -1 and the total hydrogen flux is 1.l × 10 s cm-2sec -~. Near 100km the mixing ratio of H 2 in this scheme is 16ppm. To account for the L~ airglow observed by Mariners 6, 7, and 9, Anderson (1973) was obliged to assume a source for atomic hydrogen 
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FIo. 2. Density distributions of H2, H20, H202, and CO for 1.3 × 10-302 mixing ratio. Profiles corresponding to 2.6 × 10 -3 02 mixing ratio can be obtained by shifting these curves linearly according to the ratio listed in Table II. which required 20ppm of H= in the mesosphere and lower thermosphere. Thus, support is lent to this model by the L~ observations.
In Figs. 1 and 2 we show the densities of important species between the surface and 226km under two assumptions concerning the values of the O 2 mixing ratio: .1.3 x 10 -3 and 2.6 × l0 -3. In the "normal" ease the surface volume mixing ratios are [COl0 = 1.55 × 10 -3,
[02] 0 = 1.3 × 10 -3 , [HzO2] 0 = 7 × 10 -9 , [H2] 0 = 11 × 10 -6 and ][H20]dz = 5 × 1019cm -z (15/~m of precipitable water). The abundance of ozone is 5.8 × l 0 ~ 5 cm-2 or 2. l 5/~m-atm. The distribution of odd hydrogen and odd oxygen very closely follows that shown by McElroy and Donahue (1972, Fig. 1 ). In the ionosphere it is necessary to assume euv fluxes 2.7 times as large as the Hinteregger (1970) values to obtain electron and ion densities that agree with Mariner observations.
The fluxes of hydrogen and oxygen species in the "normal" case are plotted in
Figs. 3 and 4. There are several interesting features to notice in these flux curves. The escape flux of 0 is supplied below the exobase by an upward flow of CO z since COz is the species that is ionized in the exosphere. The return flux of CO from the exosphere is exactly the CO z at the exobase. The downward flux of atomic oxygen at the exobase is only half the return flux of CO because half the oxygen resulting from dissociative recombination of CO2 + and 02 + escapes while none of the CO does. Oxygen and CO flow downward, after being produced by dissociative recombination in the ionosphere. The rate of flow is enhanced below 90km because of COz photolysis. Near 30km both begin to be destroyed through reactions R2, R10, and R16. Molecular oxygen is made just above 30km by reaction R2 and dissociated in the Harzberg continuum below 15km and by HO z association. HzO is produced near 33km as a result of the reaction of the odd hydrogen radicals OH and HO 2 (R7). It is photolyzed above 40km and dissociated by O('D) (produced from 03) below 8km, where it is by far the dominant source of odd hydrogen. It is interesting that the downward flux of H20 below about 25km and the upward flux of HzO 2 formed by reacting pairs of H02 are almost numerically equal. The flux, -¢(H20 ), is about 1.7 × 101°cm-2sec -l at 10km while ~b(H,Oz) is 1.74 × 101°cm-2sec -1. H 2 is clearly produced at about 25kin by the reaction of H and H02 (R5). It flows downward to be dissociated by O(1D) below 12km, thereby recycling odd hydrogen in the chemosphere. But the upward flux begins to run into COz + in significantly large amounts near 100km. The reactions R21 and R22 make hydrogen atoms near 123km. Some of these atoms flow upward in ever increasing numbers until at the exobase they supply an escape flux of 8.7 × 10~H atoms cm-2sec -l. However, there is a very sizable supply of H2 still remaining at the exobase and it supports an escape flux of H 2 that amounts to 2.1 × 107 atoms cm-2sec -l. The sum is very close to twice the oxygen escape flux of 1.07 × 108cm-2sec -l.
~ -
It is necessary to use a large value for the eddy diffusion coefficient in the upper atmosphere as well as in the lower atmosphere to make this scheme work: 4 x 108 cm2sec -I in fact. Not only is this strong mixing required to bring oxygen atoms down to 30km rapidly enough to reach the region where they can form HO 2 in a threebody reaction before they form 02 in forbiddingly large quantities, but large values of K are also needed to transport downward rapidly enough the H formed from the reaction of H 2 and C02 + and prevent [H] at the exobase from growing greater than the value 3 × 104cm -3.
It is very important to notice that because of the relatively low density of C02 +, such a large fraction of H, remains undis-sociated at the exobase that the limiting flux condition of Hunten (1973) is not achieved. The exospheric temperature is so low that, because of the large fraction of hydrogen in the form of H 2 at high altitudes, the bottleneck for escape is at exobase. There is a large upward flux of H z to the ionosphere and a large downward flow of H to form H z and HO z in the lower atmosphere. The escape flux is thus not controlled by the supply of hydrogen in the stratosphere and the mechanism involving control of H (and H2) escape by the nonthermal atomic oxygen escape rate can operate.
The value of the rate constant R5a for H 2 production in the H, HO 2 reaction is 3x 10-11exp(--330/T)cm3sec-l. This is the value favored in the CIAP tables (Garvin and Hampson, 1974) . It is also very important in selecting between this recombination scheme and that of Parkinson and Hunten (1972) . This latter scheme is essentially a photochemical one in which the 0 2 bond is broken after a step of peroxide formation and photolysis added to reactions (1) and (3) H02 + H02 "-+ H202 + 02,
amounting to 2CO + 02 -~ 2CO2.
The supply of odd hydrogen needs to be much higher in this model than in that of McElroy and Donahue (1972) . Unless the rate constant k s (a) is no larger than about 3 × 10-12cm3sec-l, there is more H z formed than may be destroyed by O(ID) and the ion molecule reactions (11) and (12).
III. RELATIONSHIP AMONG 0 2 ABUNDANCE, O AND H ESCAPE RATES
We have also performed the exercise of allowing the 02 mixing ratio to increase from 1.3 × 10 -3 in stages to 2.6 x 10 -3. In performing this exercise we keep the CO z and H20 content of the atmosphere fixed, as well as the eddy diffusion coefficient. Thus the integrated rates of CO and O production and recombination along with H20 dissociation and reformation rates must remain unchanged. We find that if we arbitrarily increase the 02 content of the atmosphere to a new value the H density and H z density at the exobase decrease. The factor by which the escape fluxes decrease is, however, always greater than the factor by which the Oz content of the atmosphere is assumed to increase. Thus if we change the mixing ratio of O2 from 1.3 x 10 -3 to 2.6 × l0 -3, the H density at the exobase goes from 3.1 × 104 to 1.1 × 104cm -3, and the H z density from 1.4 × 10-' to 5.0 × 104cm -3 (Note that Hz and H decrease by the same factor.) The escape fluxes go to the values ¢(H) + 2¢(H2) = 3 x 107 + 7.7 x 106 (15) or3.8 x 107cm-2sec -~ in place of l.l × 10 s cm-2sec-l.
In Fig. 5 we show the hydrogen fluxes for the case of doubled Oz abundance. The chain that begins with an increase in O2 mixing ratio and ends in a decrease in the hydrogen density at the exobase is the following. The ozone abundance grows along with the Oz abundance because of reaction R20. The result is a doubling in [03] and a doubling of the rate of production of O(ID). The lifetime of H z against destruction by O(~D) thus is cut in two. Meanwhile the reaction of H with 02 (RI7) causes [H] to decrease and [HO]2 together with [OH] to increase. The effect is to cause a decrease in total Hz production in the reaction between H and HOz (RS). The combined effect of enhanced destruction and diminished production causes the overall decrease in the H z density, and consequently the decrease in both H2 and H density at the exobase, since H is derived from H2 in the upper atmosphere via the ionosphere reactions R21 and R22.
An increase in the 02 mixing ratio by 50O,/o to 1.95 × 10 -3 provokes a decrease in H and Hz densities at the exobase by a factor of 1.8 with a corresponding decrease in escape flux. It will be noted that in Figs. 1 and 2 there are only small changes in most atmospheric constituents apart from H, H2, and CO in response to these large changes in Oz. These changes are Table II . Naturally the CO mixing ratio must decrease as the 02 mixing ratio increases, because there are relatively more He2 and OH than H atoms due to reaction (R17), and the CO mixing ratio must decrease to keep (I2) constant. Now it must be realized that we have not performed a time-dependent calculation in which the O escape flux was caused to vary by some mechanism--change in exobase level, or change in euv flux, for example--and the development of the 02 mixing ratio tracked along with the hydrogen escape flux as the oxygen flux varied. This would demonstrate that twice the hydrogen escape rate accurately follows the oxygen escape rate if the change is slow, or tends to that rate following a sudden change. To do so would require more computer facilities than we have. Furthermore, it is not necessary, for we have shown that changing the 02 mixing ratio has a profound effect on the H escape flux, since the escape flux changes by a larger factor than the change of the total 02 content of the atmosphere. Therefore, it may be argued that if in reality the nonthermal atomic oxygen escape rate were to change, whether slowly or suddenly, the effect would be necessarily to cause the 02 content of the atmosphere to change in the opposite sense, and this, as we have seen, would provoke a change in the hydrogen escape flux in the same sense as the change in the O flux. Furthermore, small changes in 02 provoke large changes in H 2 concentration, and consequently in H production, because of the role played by HO 2. It follows necessarily, therefore, that the hydrogen escape flux will change in response to the change in oxygen flux. As soon as that flux reaches a new steadystate value, the atmosphere will settle down to a new steady state in which half the hydrogen flux is equal to the oxygen flux and the O2 content of the atmosphere has a new equilibrium value. Of course we can conclude from the exercise we have conducted that the O 2 reduction provoked by a factor of 2 increase in the 0 escape rate will be by less than a factor of 2. There is however, no possibility that an increase, say, in the oxygen escape rate, will cause a runaway in which the decrease in 02 in the atmosphere provokes a larger response in hydrogen flux than the oxygen escape flux that caused the 02 to decrease. The reason is that an overshoot in the hydrogen escape will cause the 02 in the atmosphere to begin to build up again and to cause the H escape rate to diminish. Thus the system is a stable one.
IV. 03, H20, AND THE POLAR CAP
It is important to investigate the condition of the atmosphere above the winter and spring polar cap. It has been observed that the water vapor content of the atmosphere drops below the minimum detectable value of 10/~m (less than 0.5pm according to results reported from Mars 3), while ozone is observed to rise to as much as 10 to 15pm-atm just after sunrise over the polar cap. We would expect a decrease in water vapor to provoke a reduction in odd hydrogen in the lower atmosphere and thus to cause an increase in the 0 3 abundance. To test the quantitative nature of this effect, we have let the water vapor content of the atmosphere decrease in steps from 15pm to 7.5, 3.7, 0.3 down to 3 × 10-3pm. The atmosphere is otherwise assumed to be identical with the standard one we developed at lower latitudes, i.e., to have the same eddy coefficient profile, In our "normal" atmosphere the 2pm-atm of ozone predicted is just at the limit of detectability. It should be remarked in this connection, however, that our lower boundary condition of zero flux into the surface is obviously far from realistic in the case of reactive species such as 03, O, and the odd hydrogen radicals. If in fact we make the extreme assumption that every ozone molecule striking the surface is lost, the flux into the surface is given by
qb(O3)=-([O3]/4)[8kT/rrm(03)] 1/2. (16)
When the distribution of 03 is that shown in Fig. ] , the flux will be 3.6 × 1013era -2 sec -~. The total ozone content of the atmosphere (2.04pm-atm) is 5.5 × 10t~cm -2 and this flux gives the ozone a lifetime of only a little over 2min. Assuming that every 03 and every O striking the surface is lost, we have calculated a downward flow of O and 03, that would change the distributions of O and 03 in the way shown in Fig. 7 in order to supply the flow into the surface. The result would be to reduce the 03 content of the atmosphere from 5.5 × 1015 to 1.9 × 10~Scm -2, or from 2 to 0.7tzm-atm. However, the O(~D) production, thence the odd hydrogen production, the supply of 0 to form OH from HO2, are all changed in the 20km layer above the surface when these effects are accounted for. On the other hand there will probably be enhanced recombination of CO and O on surface dust grains or aerosols also. Thus it is very likely that surface chemistry as well as gas-phase chemistry plays a very important role in the stability problem, as others (McElroy and Hunten, 1970; Whitten and Sims, 1973) have also pointed out. Note, however, that unless there is an important outgassing of O 2 from the surface, the 02 production is not seriously enhanced, since the densities are little affected in the region above 20km where most of the 02 is produced by reaction between 0 and OH.
To gauge the severity of the problem caused by loss of reactive species upon collision with the Martian surface, we have assumed as an extreme case that the odd hydrogen constituents H, OH, and HO z and the odd oxygen components O and 03 are lost as such upon every collision with the surface. Then we have calculated the distribution that will result, taking into account the loss of O(ID) production that results from the loss of O 3 near the surface and the consequent reduced production of odd hydrogen. The result are shown in Fig. 7 . Two models were tried under the latter assumption. In one, the eddy diffusivity K was assumed to remain at 4 × 10 s em2sec -~ all the way to the surface. In the other model, K was allowed to decrease from 4 to 0.7 × 10SemZsec-' in the last 10km, following Gierash and Goody (1968) . The latter assumption is essential. When K FIo. 7. Density distributions of H, OH, HO2, O, and O3 for assumed surface reactions. Solid lines correspond to constant eddy diffusivity K = 4 x 10Scm2sec -I and dashed lines correspond to K decreasing from 4 to 0.7 × 10Scm 2 sec -1 in the ]0km above the surface (Gierash and Goody, 1968) .
remains large at all altitudes, the flux of odd oxygen into the surface is 1.1 x 10 ~z cm-2sec -~ out of a total production of 3.6 x 10~2cm-Zsec -~. The flux of odd H is 1.3 × 10~lcm-2sec -l, while the total production is only 1.9 × 1011cm-2see-I. On the other hand, the surface fluxes of odd oxygen and odd hydrogen drop to 4 × 10 ~ and 4.5 × 10~°cm-'-sec -~ in the second model.
We have not tried to develop a completely self-consistent model with surface losses accounted for, although there is no problem in doing so mechanically. The problem is that we do not know how to estimate the fraction of H, OH, and HO 2 emerging from the surface as H z and HzO ; ; the fraction of O and 03 emerging as O; and the fraction of CO that recombines to CO z on the surface. If we leave the mixing ratio of CO at 1.6 x 10 -3, then the amount recombined is only 1.8 x 10 ~z out of 3.3 × 101Zcm-2sec-I produced, because of the decrease in OH density (i.e., the loss of OH to the surface). It would be necessary only to increase the mixing ratio of CO to about 2.9 × 10 -3 in order to reestablish a steady state, if we assume no surface recombination of CO. This value is still within the limits set by Young (1971) , though not if that value is revised to accommodate the data of Tubb and Williams (1972) . [The data of Carleton and Traub (1972) indicate a range from 9 to 11 × ] 0 -4 for the volume mixing ratio.] In our opinion, uncertainty with regard to aerosoI and surface removal of CO and the other species involved in the chemistry within 10km of the surface do not allow much significance to be attached to the disparity between the calculated and measured CO mixing ratios under these circumstances.
The ozone abundances are 0.64 and 0.86/zm-atm in the two models considered here. Loss of 03 to the surface puts the total amount in the atmosphere far below the Mariner 9 limit for the "wet" atmosphere.
VI. ARGON IN THE ATMOSPHERE
There has always been some uncertainty regarding the amount of argon that might exist in the Martian atmosphere. The radio occultation results which are composition dependent are not inconsistent with an argon abundance of 0.20 by volume. Recently, the instruments aboard Mars 6 inferred a gas that could not be exhausted from the mass spectrometer ion pump. This indirect measurement has been interpreted as indicating the presence of several tens of percent of an inert gas, such as argon. This argon inference is consistent with the radiogenic argon model of Levine and l~iegler (1974) , which predicts about 5gcm -2 of argon corresponding to about 28% of argon by volume (l.8mbar partial pressure of argon). It appears to be possible that at 6.Stub pressure level on Mars, the atmosphere may consist of 70% CO 2 and 30% Ar. We have assumed the existence of such an atmosphere and repeated our calculations. One of the principal effect of the presence of argon is to increase the altitude of the exobase for atomic oxygen escape from the dissociative recombination mechanism. When the standard conditions of an 0 2 mixing ratio of 1.3 × l0 -3 at the surface is assumed and the amount of precipitable water is taken as 20/zm, [H]226 taken to be 3.3 x 104em -3, the escape flux of atomic oxygen is found to be 3.5 × 107cm-2sec -1. In the case of the argon-rich atmosphere, the exobase for oxygen escape increases to 246 from 226km. However, the ion densities are higher in the ratio of 1.21 at the same altitude because of the additional ionization of argon and subsequent charge exchange of Ar + and CO 2. Thus it appears that the height of the exobase is to a certain extent offset by the increase in recombination rate.
The solution to the coupled flow equations (with no surface loss) is then found to produce an atmosphere with the following characteristics: The hydrogen escape flux is 1.17 × 108 em-2sec -l and is not in balance with the oxygen flux. A lower value of K is more tolerable than previously, because the total amount of CO 2 is reduced to 4.Smb.
If we cut the 0 z mixing ratio to 0.65 × 10 -3 but leave the same water vapor, C02 and Ar conditions, we find a solution with the following characteristics : [CO] A reduction in 02 by a factor of 2 induces an increase in hydrogen escape flux ~b by a factor of 2.6, an effect almost as large as that in the argon free atmosphere where the change in hydrogen flux was by a factor of 2.9 when the 02 concentration changed by a factor of 2.
To get the hydrogen escape flux to balance the oxygen escape flux (3.5 x l07 cm-3sec -I) the mixing ratio of 0 z is required to be 1.65 × 10 -3, slightly higher than the measured value of 1.3 × l0 -a. We hesitate to cite this imbalance in hydrogen and oxygen escape flux as evidence against a large argon abundance on Mars, in view of the many uncertainties in other measured quantities--exospherie temperature, rate constants such as k 5 and kT, hydrogen density at the exobase, and the assumption that the hydrogen and oxygen escape rates must balance at all times (that is to say, at present). But there is more than a hint here that the Martian atmosphere would be easier to understand if the ratio of CO 2 to other gases such as Ar were a good deal greater than 7/3.
CONCLUSIONS
Martian photochemistry that recombines CO and 0 to CO2 through a water catalytic cycle enables the nonthermal escape of oxygen to govern the thermal escape of hydrogen. The result is that water escapes from Mars, not hydrogen alone, and there is no pronounced tendency for H of 0 to accumulate as a result of escape.
